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Solubility / Thorium complexes / EDTA complexes / and other elements and transporting them through the sub-
Thermodynamic data / Pitzer model / surface in the vicinity of a tank leak. In addition, these
lon-interaction parameters chelating agents can affect pessing strategies designed to

remove hazardous radionuclides, including actinides, from
the tanks waste supernatants [1].
Summary. The solubility of ThQ(am) in the aqueous Na Among the contaminants, tetravalent actinides (An(IV))
H*-OH"-NO; -H,O-EDTA system as a function of pC  are expected to be important in these high-level nuclear

(= —log[H"]) and variable NaN©(0.5M to 6.0 M) has been  \yastes. Although tetravalent actinides readily form solid

determined. The experimental observations show that betwee h ; ;
> . ases that are very insoluble when compared with the
pCy+ values 4.2 to 8.2, a stoichiometric:1 Th-EDTA B y P

complex forms that completelgaturates theadded chelate penta- and hexavalent states_,, An(IV) SPecies can also form
concentration. Th concentrations then decrease linearly witﬁnUCh stropger complexes W'_th organic che_lates [2,3]. The
increasing pG: at pGy > 9.0. These changes in solubility are c_o_mplexatlon of An(_IV) species with chelating agents sta-
not predicted by currently available thermodynamic models.Pilizes the An(lV) in soluble forms that may increase
The ion-interaction model of Pitzer was used to interpret thesdheir migration potential in the subsurface and affect tank-
solubility data. Thermodynamic analysis indicates that theprocessing strategies dgsed to remove these elements.
speciation under basic conditions is dominated by monomeric In order to be able to assess the effects of release of
mixed Th-OH-EDTA complexes. X-ray absorption near-edgethe long-lived actinide elements into the environment from
spectroscopy confirmed the absence of the higher oelgr ( gych tank wastes, it is necessto understand the chemistry
dimeric) species. The equilibrium constants for the following ,nqer the conditions likely to be encountered. In particular
reactions were determined from analysis of the SOluml'because concentrated Naj@nd high base solutions may '

[ :Th EDTA* +2H Th(OH),EDTA?" o . . .
géﬂ?talog EST)E;B. and TJEQ(;%?_ ED($ Aﬁz 4 2H,0 :; exist in tank wastes, studies of the chemical behavior of ac-

Th(OH);EDTA® +OH-, logK ~ —7.5. Pitzer ion-interaction ~ tinides in these solutions are of importance.
parameters for the TOH),EDTA? and the TKHOH),EDTA3- It is well known that several actinides, especially neptu-
species were calculated. nium and plutonium, are among the elements that exhibit

It was also determined that the solubility method for ex- the most versatile redox chemistry [4]. Depending on the
amining the complexation of tetvalent actinides with EDTA  solution conditions, they can exist in oxidation states rang-
is limited to relatively high aqueous EDTA concentrations, ing from Ill to VII, and several oxidation states of the same
relative to the amount of Thieam) precipitate, owing to the  glement é.g., Pu(lll) to Pu(V1)) can exist simultaneously in
adsorption of the EDTA chelator by the solid phase. significant amounts in solution. Np(IV) is redox sensitive
and can be easily oxidized to Np(V), and thus, for Pu(IV)
and Np(lV), special precautions must be taken to maintain
their tetravalent oxidation states during the preparation of
High-level radioactive waste tanks at U.S. Department ofstock solutions of Np(IV) and Pu(lV) and throughout the
Energy (DOE) storage sites have been found to leak highlyolvent extraction and solubility experiments [3, 5]. Since
basic, high ionic strength, waste solutions into the sub-t's easy to maintain the oxidation state of Th(1V), studies of
surface. These wastes contained, or are suspected to hapgravalent actinides using Th(IV) have apparent advantage.
contained, significant concentrations of radioactive species, Unfortunately, there is very limited data on the com-
including actinides. Several of these tanks also contain sigplexation of Th(IV) with EDTA [6,7]. The existing data
nificant concentrations of organic chelating agents includingndicate that a combination of monomeric (ThEDTA(aq),
EDTA, N-(2-hydroxyethyl) ethylenedinitrilotriacetic acid ThOHEDTA") and dimeric species (BtOH),(EDTA),*)
(HEDTA), and nitrilotriacetic acid (NTA). These chelating is likely to be present in aqueous solutions. However, in a re-
agents have the capability of complexing actinide speciegent study on Pu(IV) complexation with EDTA Ratial. [3]
R hypothesized only the formation of monomeric species.

* Author for correspondence (E-mail: yuanxian.xia@pnl.gov). Since the studies of Rat al. [3] on Pu(IV)-EDTA system
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were conducted in relatively dilute electrolyte solutions, theing the pH to about 18 using the NaOH stock solution.
extension of these conclusions to concentrated electrolyt@he resulting suspensions were centrifuged and the super-
solutions is uncertain. Data are available on the solubilitynatant discarded. Soluble rdte and sodium were removed
of Th(IV) hydrous oxides in the presence of NaCl [8—11]. by washing twice with 15 ml aliquots of water.

However, no data are available on the solubility of Th(lV)  Seven sets of experiments were conducted with the
hydrous oxide in high ionic strength electrolytes in the pres-washed Th@@am) precipitates (Table 1) to determine the
ence of chelates (such as EDTA). solubility of ThO,(am) as a function of pg., NaNO,; con-

With these factors in mind, this study was undertakencentration, EDTA concentration, and time. The general pro-
to determine the solubility of Th(IV) hydrous oxide 1) as cedure consisted of suspending T&n) solids in 30 ml
afunction of pG+ (ranging from 5 to 13) in varying concen- of appropriate EDTANaNG; solutions in centrifuge tubes,
trations of NaNQ (from 0.5 M to 6.0 M) at a fixed 001 M equilibrating the suspensions for different periods, separat-
EDTA concentration, 2) at varying concentrations of EDTA ing the solids from suspensions, and analyzing the aqueous
ranging from 10 x 10°M to 1.0 x 102 M at a fixed pG+ and/or solid phases. The pH uak of suspensions were ad-
values of 8 and 10 in.8 M NaNG;. Based on these data we justed using NaOH and HCI. During the equilibration period
propose a thermodynamic model that describes the complexthe tubes were capped tightly and placed on a shaker in an
ation reactions of Th(IV) with EDTA under basic conditions argon gas chamber.
which is valid to high ionic strength. The results of this study = The solutions were sampled at the time intervals shown
are contrasted with the previous work on Pu(IV)-EDTA. in Table 1. At these sampling intervals, the pH was measured
with a Corning pHion 450 meter equipped with an Orion—

. Ross combination glass electrode calibrated against standard
Experimental pH buffers. The pH meter readings (k) for the concen-
Reagents and solutions trated NaNQ solutions were converted to the hydrogen ion

concentration = —log[H*]) using the equation:
All reagents used in this study were analytical and reagent (Pl gtH™D g q

grade. All solutions were prepared with distilled-deionized PGt = PHops+ A
(DDI) water and stored under an argon atmosphere. The tho- o

rium stock solution (1 M) usedhithis study was prepared by \;here A is the conversion factor that depends primarily on
dissolving 552 g of reagent grade (NOs),-4H,0 in 1liter 5 55jytion composition. The values #ffor the NaNQ
0.1 M HNO;. A standard C@+{ree NaOH solution (@5M) 54|,tions were determined to bed.037 for Q5 M NaNO;,
was prepared by_ dissolving a calc_ula;ed 'ampunt of soliy 315 for 30 M NaNO, and 0.752 for & M, respectively,
NaOH (Anachemia Acculute) and titrating it with standard | g 4 titration method developed in previous studies [12].
HCl solution (60 M). The HCI solution (& M) and concen- Aliquots of the suspensions were centrifuged at 2000 g
trated HNQ were obtained from GFS Chemicals Inc. Stock ¢ 10 minutes. The supernatant was filtered through Am-
solutions of 10M EDTA and 65 M NaNG; were prepared  joqn Centricon filters (Amicon Corp.) with a 30000 mole-
by dissolving solids N&EDTA (Aldrich) and NaNQ (Baker ¢ ,jar-weight cutoff and approximately@4um pore size.
Analyzed Reagent) in DDI water, respectively. An aliquot (~ 1 ml) of the sample was passed through the
filters (to saturate any possible adsorption sites) and dis-
carded before the solution wditered for analyses. The
All experiments were conducted at room temperaturefiltrate was acidified with HN@ An aliquot of acidified
(23+2°C) in a controlled argon gas chamber @6, filtrate was taken for 1) the total thorium analysis by in-
with < 1 ppm Q). The solubilities of Th(IV) hydrous oxide ductively coupled plasma spectroscopy (ICP) or inductively
(ThO,(am) in all experiments were approached from the coupled plasma mass spectroscopy (ICP-MS), and 2) struc-
undersaturation direction. ture analysis of Th(IV)-chelates using X-ray absorption
ThO,(am) was precipitated by adding an aliquot of the spectroscopy for selected sdegpcontaining relatively high
thorium nitrate stock solution to 15 mls of water and adjust-concentrations of Th.

Procedures

Tablel. A list of experiments conducted

in this study. Set Solid pG- range NaNG; EDTA Equilibration
number phase (M) (M) periods (days)
Set | ThQ@m? 4.3t011.8 0.5 0.01 13, 31, 75
Set Il ThG,(am)? 6.7t012.8 3.0 0.01 13, 30
Set lll ThO,(am)? 6.8t0 13.2 6.0 0.01 13, 30
Set IV ThG,(am)? 8 0.5 10°-102 8,31
SetV ThQ@am? 10 0.5 10°-10 8,31
Set VI ThQ(am)® 8 0.5 10°-107? 8,31
Set VI ThO,(am)® 10 0.5 10°-10? 8,31

a: The total approximate amounts of thorium solid phase used in each sample from sets were
100 mg in 30 ml solution;

b: The total approximate amounts of thorium solid phase used in each sample from sets were
10 mg in 30 ml solution;

c: pGy+ = pHaps+ A (see below).
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of the absorption edge for thorium dioxide (T}COto
16300 eV. The EXAFS spectra were fitted using param-
eterized phase and amplitude functions generated by the
program FEFF8 [13] with the refence crystal structures

of ThO, and NgTh(CG;)5(H,0)1, [14]. Standard scattering
paths, including the single scattering Th-O, Th-C and Th-Th
were calculated from the referee structure and included in
the data analysis.

Thermodynamic model

The aqueous thermodynamic model used in this study to
interpret the solubility data was the ion-interaction model
of Pitzer and coworkers [15, 16]. This model emphasizes
a detailed description of the specific ion interactions in the
solution. The effects of the specific ion interactions on the
excess solution free energy are contained within the expres-
sions for the activity coefficients. The activity coefficients
can be expressed in a virial-type expansion as:

In yiDH+Z:3ij(l)mj+chijkmjmk+..., (l)
i ik

Fig.1. SEM images of Th@am)-solid samples equilibrated in(BM

NaNG; and twice rinsed with DDI water after centrifugation. A) No : . DH : -
EDTA, pH 8.7, 3 hr equilibration time; B) and GEDTA]=001M,  "Nere m is the molality andy™ is a modified Debye-

pH 8.7, 3 hr equilibration time; D)EDTA] = 0.01 M, pH 8.9, 55day  HUckel activity coefficient that is a universal function of
equilibration time. ionic strength.g;; (1) and C are specific for each ion in-
teraction and are a function of ionic strength. Pitzer gives
explicit phenomenological expsions for the ionic-strength

In addition, aliquots of the supernatants were directlydependence oB. The third virial coefficient,C, is taken
taken (without filtration) forcarbon analysis, and selected to be independent of ionic strength. The formfs dif-
solids were characterized by scanning electron microscopferent for like, unlike, and neutral ion interactions. A de-
(SEM) and X-ray diffraction (XRD) after thoroughly rinsing tailed description of the exact form of Eq. (1) is given
with DDI water to remove the e|ectr0|yte. elsewhere [17—19] The Pitzer thermOdynamiC model was

The SEM and XRD analysis showed that the initial pre- used because it is applicabfiem zero to high concentra-
cipitates exhibited a wide range of particles sizes, some aion, and our solubility data extend to high ionic strength
large as G mm (Fig. 1a). Addition of the EDTA chelate to (I ~7m).
these samples resulted in rapid etching of all of the particles.
After only thr_ee hours of eqwhbratl_on the re_act|on of EDTA Resultsand discussion
with the particle surfaces was evident mainly at the edges
and fractures (Fig. 1c¢) but eventually extended to the entirél he solubility of ThQ(am) is highly dependent on p€ and
particle. There was no evidence for the selective dissolutiorihe Th(IV) concentrations at different equilibration periods
of only very fine particles. X-mnadiffraction analyses indi- are similar, indicating that equilibrium, or at least steady-
cated that the solid phases before and after equilibration witlstate concentrations are reachee:ithi3 days (Figs. 2-4). As
solutions are amorphous. expected, these observed solubilities are also several orders
of magnitude greater than previously reported values ob-
tained using the same solid material (TXi@m)), at similar
ionic strength (06 M), but in the absence of strong organic
chelates [8] (see Fig. 2 open squares). The concentrations of
EXAFS experiments were conducted with TH§), a so-  Th(IV) are nearly constant at p€ < 8.5 and decrease with
lution of Th(IV) in perchloric acid [Th*]=0.05M and an increase in p& (Figs. 2-4). The nearly constant con-
[HCIO,] = 1.0 M), and two solutions of Th(IV) in the pres- centrations below p& < 8.5 are the result of nearly com-
ence of EDTA from the solubility experiments. The con- plete saturation of the.01 M EDTA solutions with Th(IV).
centrations of the two THEDTA solutions are{Th(IV)] ~ The observed solubilities also do not show dramatic changes
0.036 M,[EDTA]=0.1 M, pG;+ =8.18;[Th(IV)] 0.007 M, with changing electrolyte concentration frons®1to 6.0 M
[EDTA] =0.01 M, pG;+ = 5.98. NaNG; at the same p& value.

Thorium L,,-edge EXAFS spectra were collected at The solubilities are essentially at a: 1 stoichiomet-
the Stanford Synchrotron Radiation Laboratory (SSRL) onric saturation with the measured chelate concentration be-
wiggler beamline 4—1 under normal ring operating condi-low pC+ 8.5 indicating the presence of a1 Th: EDTA
tions (30 GeV, 50-100 mA). The EXAFS data were col- species over this p& region. It is therefore of interest to
lected in the transmission mode, up ke~ 15A-. Three  compare these observed solubilities with predicted solubil-
to four scans were performed for each sample. Energy calities using existing thermodynamic models. In these initial
ibration was based on assigning the first inflection pointthermodynamic modeling calculations, we utilized the sta-

Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopy
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Fig.2. ThG,(am) solubilities in 05 M NaNG; as a function of pg-. pCy.

[EDTA] =0.01 M. Data in 06 M NaCl from Felmyet al. [8]. The

Fig.4. ThO,(am) solubilities in 60 M NaNG; as a function of pg..

label M&S refers to calculations using the stability constants from [EDTA] = 0.01 M. The final calculated line utilizes the Pitzer ion-

Martell and Smith [6]. In this and subsequent figures, the label “fi- interaction parameters and stability constants in Tables 2 and 3.
nal” refers to calculations using the final model parameters in Tables 2

and 3.

Log Th(m)

® Expt (13 days)
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pC
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Fig.3. ThO,(am) solubilities in 30 M NaNG; as a function of pG:.

[EDTA] = 0.01 M. The dashed line with a slope ef3 is a reference

mental values. First, the ionic strength of the solutions is
somewhat greater (®M) than the ionic strength at which
the stability constants were determined1(M) and this
could result in some of the disagreement. However, the prin-
cipal species predicted to be present at high concentration
is the singly charged ThOHEDTAspecies. Species of such
low charge rarely have large ionic strength dependence rela-
tive to more highly charged species. In addition, the ob-
served ionic strength changes fronb® to 6.0 M do not
result in an large change in the observed Th concentrations.
It is therefore unlikely that a large ionic strength effect oc-
curs on the stability constants betweef Bl and 05 M. In
addition, a preliminary fit of the experimental data to the ob-
served solubilities in & M NaNG;, by adjusting the stabil-

ity constant for the ThOHEDTA species, showed that the
stability constant would need to increase by five log units to
begin to match the experimental values. Such a large change
in stability is not the result of ionic strength changes. This
large change in stability is also unlikely to result from er-

line that would best represent the possible existence of a ThROHEDTA rors in the original EMF analysis of Bogucki and Martell [7]

species, see text.

since their data appears to be very precise and the disagree-
ment occurs only in the higher pCregion. This pG+ re-
gion was not investigated by Bogucki and Martell [7]. It is

bility constants critically reviewed by Martell and Smith [6]
for Th-EDTA species i(e, ThEDTA(aq), ThOHEDTA, used in these preliminary calculations (see Table 1) is con-
and Th(OH),(EDTA),”") with our [8] previously deter- siderably different from the value for the actual material.
mined solubility product of Thg@am) prepared by the same However, the solubility product that was used in these calcu-
methodology as used in this study. The predicted solubil{ations was originally calculated from the low ionic strength
ities (see dashed line in Fig. 2) agree well with the ex-data of Ryan and Rai [20] by Felngyal. [8] and thoroughly
perimental data up to a p€ value of approximately 8.5, tested against data in NaCl@nd NaCl by Felmyet al. [8]
whereupon the predicted solubilities are considerably loweland again by Raét al. [10] in NaCl and MgC}. This value
than the experimental values. Interestingly, p@3B.5 is logK = —45.5 is also in good agreement with the recom-
also near the upper limit of the original EMF measure- mended value of Martell and Smith [6}-84.7) especially
ments made by Bogucki and Martell [7], which is the ori- when it is realized that a value approximately five orders
ginal source of the recommended stability constants forof magnitude more solublé.€ log K ~ 40.5) would be re-
the ThEDTA(aq), ThROHEDTA, and Th(OH),(EDTA),* quired to even partially explain the observed differences,
species (see Bogucki and Martell [7], Fig. 1). assuming the current aqueous speciation scheme is valid.
There are several possible explanations for the disagreezhanges of five orders of magnitude are found between
ment between the initial model calculations and the expericrystalline and amorphous material. For example, Martell

also possible that the solubility product for the TXi&m)
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and Smith [6] recommended ldg= —49.7 for ThO,(c), nitude of the EXAFS is shown in Fig. 5 (the bottom two
but the use of a more crystalline value for the solubility plots). EXAFS spectra of two references samples were also
product would only further inease the difference between collected: a strongly acidic T€IO,), solution, where there
model calculations and experimental data. We therefore conshould be no neighboring Th atoms; and a Ftgpsample
clude that the observed differences between calculated anghich shows the positions of the Th-Th backscatter. The re-
experimental solubilities are the result of the neglect of ad-sults for these two references are shown as the top two plots
ditional Th-EDTA aqueous species for which the stability in Fig. 5. Standard scatterimgaths of Th-O, Th-Th are used
constants have not been determined. in the fits. The error limits for the number of the atom are
Recent studies of Pu(IV)-EDTA complexation reactions +25%. It can be seen that there are no features in the two
under neutral to basic conditions [3] have indicated thesamples (pG- =5.98, EDTA=0.01 M and pG+ = 8.18,

presence of only monomeric specidée.( PUOHEDTA,
PuOH),EDTA?", and PGOH);EDTA®"). Assuming there

EDTA = 0.1 M) that could be fit with a Th-Th scattering. We

therefore conclude that at least in these two samples dimeric

is some analogy between Pu(lV) and Th(lV), these conclu-or higher Th-EDTA complexes are not present in significant

sions would indicate that Th(IV) species such agdH),-
EDTA?Z, andor Th(OH);EDTA®" could be present. How-

concentration. The result for thelOM EDTA sample is es-
pecially significant since such high Th containing samples

ever, the studies of Bogucki and Martell [7] did show clear (Th = 0.03 M) are the more likely ones to exhibit dimer-
indications of dimerization reactions in their EMF data, soization reactions than lower concentration samples. This is
the presence of higher order species (dimers, trimers, ..another indication that the unknown aqueous species present
cannot be ruled out a prior. are monomeric.

In order to further investigate these issues we conducted The results for the studies at different EDTA concentra-
studies at different aqueous EDTA concentrations, studies ition are shown in Figs. 6 and 7. These samples were adjusted
the presence of different amounts of solid T&mn), and
performed X-Ray absorption analysis on selected samples at
the Stanford Synchrotron Radiation Laboratory.

In the case of the XAS analysis, the majority of the sam-
ples in the higher p range were too low in concentration
to obtain any useful information. We therefore also pre-
pared a sample at higher EDTA concentratiori (@) in an
effort to help identify the species present. Of the selectec
samples sent for analysis, definitive EXAFS spectra wereE
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Fig. 6. ThO,(am) solubilities as a function of chelate concentration and
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Fig. 7. ThO,(am) solubilities as a function of chelate concentration and
added Th@@am) at a pG;+ of approximately 10.

Fig.5. Fourier transform magnitude of the EXAFS spectra of Th(IV)
in ThO,(s), 1.0M HCIO,, 0.1 M EDTA and Q01 M EDTA.
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to obtain as constant a pCvalue as possible (the exact can be maintained. As a result our following thermody-
data is reported in the Appendix). The data in Fig. 6 were allnamic analysis emphasized the data in? EDTA so-
near pG- 8 and the data in Fig. 7 are all nearpC0. The lutions shown in Figs. 2—4. Some adsorption of EDTA did
results show some interesting features. First, the aqueousccur in these solutions but our selected analysis of the
Th concentrations increase linearly with added EDTA aboveEDTA, as well as the data shown in Fig. 8, indicate that the
concentrations of 18 M. This increase is consistent at both vast majority of the chelate remained in solution in these
pCi+ 8 and pG+ 10. This linear increase with a slope of studies.
one is another strong indication that monomeric complexes In summary, all of the lines of evidence that we have,
dominate the agueous speciation. However, at lower EDTAncluding XAS analysis, Th@solubilities as a function of
concentrations there is an abrupt drop in the dissolved Tlthelate concentration, the relatively low total Th concentra-
concentrations. This abrupt drop is directly related to an abtions in the higher p- region, and the previous results for
sence of chelate from the solutions. The disappearance d¢fu(IV)-EDTA [3] all point to monomeric Th-EDTA com-
chelate is shown in Fig. 8 where it can be readily seen that irplexes as the predominant species present at highgr pC
solution containing 100 mg Th as Th@m) essentially all  regions. It is unlikely that either of the previously defined
of the EDTA is adsorbed to the solid phase at added EDTAmonomeric species (ThEDTA(aq) or ThOHEDT)are the
concentrations ok 103 M. In solutions with only 10 mg Th  likely species present since their previously reported stabil-
as ThQ(am) complete adsorption of the chelate occurs atity constants would need to be in error by several log units.
about 10* M. So there is a clear adsorption maximum for It also became apparent in initial fits to the experimental data
EDTA onto ThQ(am) and adsorption maximum appears to that these two species did not give the best fits to the data
be independent of pH (at least between pH 8 and 10). at all three NaN® concentrations. The reasons for these
It is unclear whether this adsorption of chelate couldgenerally poor fits can be seen when the reactions between
have influenced previous solubility studies of tetravalent acamorphous Thg@am) and the various monomeric species
tinides in the presence of EDTA. Rat al. [3] working are written,
with PuQ,(am) and EDTA did not report chelate adsorp-
tion, yet their calculated Pu(lV) concentrations were two
orders of magnitude higher than experimentally observed

ThO,(am) + 4H* + EDTA* <> ThEDTA(ag) + 2H,0,

at chelate concentrations of 10*M added EDTA and @)
in the presence of 2mg Pu as Pg@n) (see Fig. 6 in ThO,(am) + 3H" + EDTA* <> ThOHEDTA™ +H,0,
Rai et al. [3]). Rai et al. [3] did not report their method )

of analysis of EDTA, or in fact whether or not the final ThO,(am) 4+ 2H" + EDTA* < Th(OH),EDTA* |, (4)

EDTA concentrations were measured. Regardless, the ad- + 4 3

sorption of EDTA certainly occurs in the case of THi@m). ThO,@m +H" +EDTA™ +H0 < Th(OH)3EDTA(5)'

This fact places certain constraints on the EDTA concen-

trations that can be explored by the solubility method. If If visualized in the form of plots of log Thversus pGC.-

the chelate concentration is too low, adsorption of EDTAreactions Egs. (2)—(5) should have slopes-df, —3, —2,

dominates and little thermodynamic information can beand—1 respectively. The analysis of the data, especially at

gained about aqueous speciation. If the EDTA concenNaNO; concentrations of 8 M and 60 M, shows that re-

tration relative to the amount of Th@m) is too high, actions Eq. (4) and Eq. (5) give the best overall fits. The

then all of the precipitate dissolves and no equilibrium inability of reactions Eqg. (2) or Eq. (3) to explain the results
is indicated by the dashed line in Fig. 3, which shows that
a slope of—3 (reaction (3)) will not give a very good repre-

-1 e sentation of the results. In fact, the majority of the data can

® 10mgTh-pH8 be readily explained simply by assuming the existence of
2 180'“[3&:;1' P;L‘g the ThH(OH),EDTA?" species. Only the limited data in(BM
27| o 100mgTh-pH10 8 NaNO, and 60 M NaNQ, above a pG: value of 12 require
s | Detection Limit o the introduction of the T{OH);EDTA3" species. Therefore,
s 5 the assumptions as to the existence of this latter species
o o . .
i o} a should be considered as tentative.
E With these thoughts in mind, the best fits to the experi-
8 4 6 mental data yield equilibrium constants for the following
& reactions,
I e g R ThO,(am) + EDTA* +2H,0 <
. Detection Limi Th(OH),EDTA®> +20H", logK =—6.0 (6)
S U and,
6 5 -4 3 2 -1

Log [EDTA] added ThO,(am) + EDTA* 4 2H,0 <

Fig. 8. Experimentally observed EDTA concentrations as a function of Th(OH)sEDTA3 +OH", logK ~—75. (7)

the amount of added EDTA. Differences between added and measured . ) L. .

values are an indication of the amount adsorbed by the solid phase N addition, Pitzer ion-interaction parameters for the
ThO,(am). Th(OH),EDTA?> and THOH);EDTA3" species were re-
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= Th*" +20H +EDTA* <« Th(OH),EDTA?",
® 100mgTh-pC,, (8-9)
24| o© Firstseries - pCy, (8-9) 8 |Og K =395, (8)
10mg Th - pCy,, (~10) 4 4 - 3-
Ll e e R Th* + EDTA* +30H < Th((IDH);ED'I;;\O, o
OgK ~o0.0,

~—— Predicted (pC,,, ~10)

assuming a solubility product for Th@m) of —455 as
previously described. The equilibrium constants for reac-

Log Th(m)

- " tions Eqg. (8) and Eq. (9) compare with similar reactions
proposed by Ragt al. [3] for the corresponding Pu(lV)
74 species which have LogK values of 44.8 and 49.8 respec-

tively. As expected, the association reactions for Th(IV)
are not as strong as for Pu(lV). The fact that the ob-
o , served solubilities for Thedam) are considerably higher
6 5 4 3 2 1 than for Pu@(am) in EDTA-containing solutions results
Log [EDTA] from the differences in solubility products for Th@m) and
Fig.9. Experimental and calculated Th@m) solubilities in sam- PuQ(am) (., —455 versus —56.9) not stronger Th(IV)-

ples as a function of added EDTA. Calculations assume thg pC EDTA complexation.
values and EDTA concentrations for the 31 day, 100 mg Th samplesat The differences in association between the@),-

pCH+ ~Ei_ar1d the 10 mg, 31 day values at,pC- 10. The terr_nino_logy EDTAZ species and the R’OH)3EDTA3‘ species (5 |Og
first series” refers to the data between p@ and 9 shown in Fig. 2. units) is considerably more than that calculated in this
study for the corresponding Th(lV) species. These dif-
ferences in stability result from differences in assump-
quired to describe the NaNQIependence of the solubility tions during the mathematical fitting procedure. In our
reactions. These ion-imaction parameters werg® (Na'—  case the “formation” of the TIOH);EDTA3~ species re-
Th(OH),EDTA?") = 0.64 andg® (Na'—Th(OH);EDTA®*)  sults solely from changes in NaN@oncentration (com-
= 0.53. This model yields the final predictions shown in pare Figs. 2, 3, and 4) at similar pCvalues. If correct,
Figs. 2—4, solid lines. It can beeen that the agreement be- such changes are not due to a greatly enhanced intrin-
tween model and experiment is quite good. sic stability of the TIfOH);EDTA3- species but more to
This model was also used to predict the solubilities asstronger association of the Nacations with the more
a function of EDTA concentration at p€ values of~ 8 highly charged THOH);EDTA3®*" species, which shifts the
and 10, solid lines Fig. 9. These calculations needed to bequilibria toward this species. In the case of the Pu(lV)
performed for each individual data set owing to the vari- species the stabilities were not examined as a function of
abilities in pG+ values for the samples shown in Figs. 6 ionic strength but were estimated solely from perceived
and 7. The results show good agreement between the modehanges in slope as a function of pH. Additional studies
calculations and experimental points. The calculated curvef Pu(lV)-EDTA as a function of electrolyte composition
for the samples at p ~ 10 shows an upturn for the lower would be required to evaluate if the Pu(IV)-EDTA sys-
EDTA concentration data. This is due to a lowerp®alue  tem responds in the same fashion as the Th(IV)-EDTA
for these samples which results in a higher predicted Thsystem.

concentration. The Pitzer ion-interactio parameters utilized in this
It is also of interest to rewrite reactions Eqg. (6) and study are summarized in Table 2 and the standard state equi-
Eq. (7) in terms of agqueous association reactions, librium constants are in Table 3. In the case of the Pitzer

Table2. Pitzer ion-interaction parameters

used in this study. Species Parameter Value (25) Reference
Na*-OH- B° 0.0868 Felmy and Mason [21]
B 0.253 "
c’ 0.00415
Na"-EDTA* B° 11
B 15.6 "
c? 0.001 Mizeraet al. [22]
Na"-NaEDTA* B° 0.59 Felmy and Mason [21]
B 5.39 "
Na-Th(OH),EDTA> B° 0.64 This Study
Na-Th(OH);EDTA3*- B° 0.53 "
Na*-Th* 0 0.42 Felmy and Rai [23]
Th*+-NO;™ B 0.966 Pitzer [16]
B 114 "
Cc? —0.185 "
OH~-NO;~ 0 —0.00005 Felmyet al. [24]

NO; -NaEDTA*> 0 0.12 Felmy and Mason [21]
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Table3. Logarithms (base 10) of the thermodynamic equilibrium con- ever, it is worth nothing that if previously accepted model
stants of aqueous phase association reactions and solid phase dissofgr Nar-EDTA%*" interactions are used [22] which are based
tion reactions used in this study. solely upon the use of Pitzer ion-interaction parameters,
the final calculated solubilities are essentially identical to

Speci [ Ref I N

pecies oK elerence the predictions shown in Figs. 2—4 and the calculated sta-
NaEDTA- 270 Felmy and Mason [21] bility constants for Th-EDTA species change by p_nly 0.3
ThEDTA(ag) 232 Martell and Smith [6] to 0.4 log units. For example, the calculated stability con-
ThOHEDTA 30.2 o stant for reaction Eqg. (8) would change from 39.5 to 39.1.
Th(OH),EDTA* 395 This Study We have elected to retain our currently proposed thermo-
m(OH)aEDTA 380 dynamic model for N&EDTA*" interactions owing to the

O,(am) —455 Felmyet al. [8] . . .
NaNO,(ag) _1.04 Felmyet al. [24] Wldela range of experimental data that were used in the

analysis.

ion-interaction parameters we have chosen to utilize OUnnowiedgment. This research was supported by the Department
latest set of values for NaEDTA* interactions that also of Energy Environmental Management Sciences Program (EMSP)
includes the formation of a NaEDTA species. These pa- under the project entitled “Chemical Speciation of Strontium, Ameri-

i ineium, and Curium in High-Level Waste: Predictive Modeling of Phase
rameters were de\(?lo.ped from an extensive set of SOIUbIIIt)fg’artitioning During Tar?k Processing” Project No. 26753.gWe thank
and gpparenlt eqwhbnum constant data [21]. They are als%.w. Arey for the SEM analysis. Pacific Northwest National Labora-
consistent with previous NMR measurements that show theory is operated by Battelle for the United States Department of Energy
strong binding of the Naion to the EDTA chelate. How- under Contract DE-AC06-76RL01830.

Appendix

TableAl. Aqueous Th concentrations from Th@m) in 0.5 M NaNG; and Q01 M EDTA.

13 days 31 days 75 days

PHabs pCi- log[Th] (M) PHobs pCi+ log[Th] (M) PHobs pCi+ log[Th] (M)
4.371 4334 —1.964 4359 4322 —2.030
5.117 5080 —2.060 5118 5081 —2.046 5092 5055 —2.040
5.315 5278 —2.062 5296 5259 —2.059 5098 5061 —2.061
5.473 5438 —2.078 5440 5403 —2.067 5442 5405 —-2.073
6.027 5990 —2.208 6019 5983 —2.153 6015 5976 —2.153
6.549 6512 —2.146 6617 6580 —2.100 6663 6626 -2.117
7.328 7291 —2.185 7458 7421 -2.113 7551 7514 —-2.129
8.220 8183 —2.186 8186 8149 —2.141 8183 8146 —2.145
8.727 8690 -2.312 8715 8678 —2.237 8713 8676 —2.206
9.022 8995 -2.377 2049 Q012 -2.327 9128 2091 —2.296
9.208 9171 —2.507 Q274 Q237 —2.412 9376 Q9339 —2.346
9.533 9496 —2.716 9597 9560 -2.611 Q746 Q709 —2.526
9.873 9836 -3.079 9891 9854 -2.882 10007 9970 —2.754
10.216 10179 —3.468 10182 10145 —3.188 10186 10149 —2.991
10.737 10700 —4.546 10559 10522 —4.136 10399 10362 —3.569
10.918 10881 —5.057 10956 10919 —4.744 10586 10549 —4.040
11.879 11842 —7.168 11788 11751 —-7.211 11671 11634 —7.412

TableA2. Aqueous Th concentrations

from ThO,(am) in 3.0M NaNO, and 13 days 30 days
0.01M EDTA. PHobs pCi+ log[Th] (M) PHobs pCi+ log[Th] (M)
6.432 6747 —-2.251 6689 7004 —-2.214
7.200 7515 —2.367 7533 7.848 —2.308
8.182 8497 —2.709 8257 8572 —2.940
8.305 8620 —-2.892 8402 8717 —2.780
8.541 8856 -3.140 8615 8930 —2.984
8.926 9241 -3.482 8974 9289 -3.313
9.459 a774 —4.032 9477 9792 -3.806
10.120 10435 -5.097 10066 10381 —4.690
10.480 10795 —-5.741 10381 10696 -5.182
10.823 11138 —6.358 10682 10997 -5.870
11138 11463 —6.866 10992 11307 —6.876
11563 11878 -7.379 11442 11757 —7.602
12.027 12342 —7.913 11950 12266 —7.838

12.485 12800 —8.295 12457 12772 —-8.171
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TableA3. Aqueous Th concentrations

from ThGO,(am) in 6.0M NaNQ, and 13 days 30 days
0.01M EDTA. PHops pCy+ log[Th] (M) PHobs pCy+ log[Th] (M)
6.066 6818 —2.306 6346 7.098 —2.244
6.721 7473 —2.410 6992 7744 —-2.320
8.072 8824 —2.758 8145 8897 —-2.714
8.242 8994 —-2.978 8319 9071 -2.881
8.388 9140 -3.230 8415 9167 -3.055
8.895 9647 -3.670 8907 9659 —3.509
9.380 10132 —4.207 9384 10136 —3.956
10.080 10832 -5.270 10027 10779 —4.948
10.382 11134 —5.806 10299 11051 —5.500
10.711 11463 —6.436 10593 11345 —6.033
11.106 11858 —6.989 10966 11757 —6.947
11.468 12220 —7.340 11362 12114 -7.411
11.925 12677 —7.631 11916 12668 —7.723
12.393 13145 —8.042 12466 13218 —7.970

TableA4. Aqueous Th concentrations

from ThO,(@am in 0.5M NaNO, and  0g[EDTA]? (o log[Th] log[EDTA]* PG log[Th]
varying concentrations of EDTA at a fixed (M) 8days (M) (M) 31days (M)
pCy+ 10.
(Equilibrated solution contacted with 10 mg Th@m))
—4.936 9983 —9.204 —4.908 9798 —9.727
—4.888 9953 —9.185 —4.701 9952 —8.834
—4.856 9951 —8.802 —4.648 9982 —8.630
—3.852 10026 —6.203 —3.684 10171 -5.914
-3.225 10037 —5.635 -3.101 10125 —5.292
—2.491 10540 —4.839 —2.461 10520 —4.540
—-2.071 10422 —4.441 —2.053 10469 —4.116

(Equilibrated solution contacted with 100 mg Th@m))

—4.976 9816 —9.827 —4.925 9868 —-9.871
—5.038 9967 —8.113 —4.956. 9.830

—5.053 9981 —8.957 —4.927 9816 —9.862
—4.958 10090 —4.792 9898 —9.896
—4.733 10119 —7.487 —4.740 9896 —9.414
—3.035 10514 —6.034 —2.924 10520 —-5.914
—-2.191 10462 —5.002 —2.169 10409 —4.888

a: The concentrations of EDTA added into samples are analytical data based on the analytical
results of carbon for each sample.

TableA5. Aqueous Th concentrations

from ThO,(am) in 0.5M NaNO, and  l0g[EDTA]* (o log[Th] log[EDTA]* PG log[Th]
varying concentrations of EDTA at a fixed (M) 8days (M) M) 31ldays (M)
pCH+ 8.
(Equilibrated solution contacted with 10 mg Tx@m))
—5.270 7873 —8.722 —4.814 7873 —9.605
—4.927 8112 —8.360 —4.800 7961 —9.255
—4.956 8132 —-8.270 —4.428 7963 —8.691
—-3.779 8079 —4.493 —3.523 8784 —4.317
—3.193 8235 —3.843 -3.077 8859 —3.661
—2.485 8770 —3.359 —2.518 8725 —3.152

(Equilibrated solution contacted with 100 mg Th@m))

—4.938 7974 —8.809 —4.901 7823 —8.880
—4.974 8056 —8.872 —4.955 8009 —9.883
—4.920 8062 —-9.919 —5.040 8028 —9.787
—4.881 8664 —9.492 —4.764 7944 —9.128
—4.848 8643 —-9.120 —4.785 8158 —8.617
—3.290 8563 —3.702 —2.989 8995 —3.453
—2.180 8418 —3.024 —2.122 9064 —2.676

a: The concentrations of EDTA added into samples are analytical data based on the analytical
results of carbon for each sample.
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